We report the angular dependence of magnetoresistance in two-dimensional electron gas at LaAlO3/SrTiO3 interface. We find that this interfacial magnetoresistance exhibits a similar angular dependence to the spin Hall magnetoresistance observed in ferromagnet/heavy metal bilayers, which has been so far discussed in the framework of bulk spin Hall effect of heavy metal layer. The observed magnetoresistance is in qualitative agreement with theoretical model calculation including both Rashba spin-orbit coupling and exchange interaction. Our result suggests that magnetic interfaces subject to spin-orbit coupling can generate a nonnegligible contribution to the spin Hall magnetoresistance and the interfacial spin-orbit coupling effect is therefore key to the understanding of various spin-orbit-coupling-related phenomena in magnetic/non-magnetic bilayers.
I. INTRODUCTION
Recent advances in deposition techniques enable film growth control at the molecular level with atomic precision. These advances allow us to study exotic oxide materials with interesting properties. Since the discovery of two-dimensional electron gas (2DEG) formation at the interface of two insulating materials, LaAlO 3 (LAO) and SrTiO 3 (STO) 1 , the LAO/STO system has emerged as one of the central material systems in the oxide community as it exhibits intriguing properties including superconductivity 2,3 and ferromagnetism [4] [5] [6] [7] . The ferromagnetism, which occurs on Ti site at the interface, has been evidenced by various measurement techniques such as scanning superconducting quantum interference device (SQUID) 6, 8 , X-ray magnetic circular dichroism 7 , torque magnetometry 9 , and magneto-transport [10] [11] [12] [13] [14] [15] [16] driven by the Rashba spin-orbit coupling (SOC). Furthermore, the broken inversion symmetry at the interface results in the Rashba SOC which can be tuned by a gate voltage 15, 16 . Therefore, the LAO/STO interface is subject to both interfacial Rashba SOC and exchange coupling.
The magnetoresistance (MR) is a fundamental means to investigate charge and spin transport in condensed matter systems. In magnetic systems in the presence of SOC, the longitudinal resistance depends on the magnetization direction, e.g. anisotropic MR 17 . Recently, another type of angle-dependent MR, called spin Hall MR, was observed in ferromagnet (FM)/heavy metal (HM) bilayers [18] [19] [20] . Including both anisotropic MR and spin Hall MR, the longitudinal resistivity is given as
where ρ 0 is the magnetization-direction-independent resistivity, ∆ρ 1 (∆ρ 2 ) is the longitudinal resistivity change due to the anisotropic MR (spin Hall MR), and m x (m y ) is the normalized magnetization component longitudinal (transverse) to the current-flow direction in the film plane. The original theory 21 described the spin Hall MR as a consequence of bulk spin Hall effect (SHE) in HM by assuming no interfacial SOC effect. Recent theories however predicted an important role of the interfacial SOC at the FM/HM interface in the spin Hall MR 22, 23 . Furthermore, several experiments on FM/HM bilayers suggested that the role of the interfacial SOC should be carefully examined. For example, it was reported for spin pumping and inverse SHE experiments on Co/Pt bilayers 24 that the total dissipated transverse spin current from Co layer (measured through the effective damping) is substantially different from the spin current absorbed in the bulk part of Pt layer (measured through inverse SHE). This difference was ascribed to the spin memory loss 25 describing the spin-flipping due to SOC at the Co/Pt interface 26 . There were also spin-orbit torque experiments that cannot be explained by the bulk SHE mechanism alone but require an essential role of the interfacial SOC effect [27] [28] [29] [30] . A recent experiment 31 also found a close correlation, predicted for the interfacial SOC 32 , between the Dzyaloshinskii-Moriya interaction and fieldlike spin-orbit torque 32 . Recent theories also suggested that the interfacial SOC effect is important for various SOC-related phenomena in FM/HM bilayers. First-principles approach 33, 34 showed that both SHE and inverse SHE are largely enhanced at the FM/HM interface, i.e., a manifestation of the interfacial SOC effect. Boltzmann transport calculations also suggested the importance of the interfacial SOC effect for various spin transport phenomena [35] [36] [37] . Consequently, it is natural to raise a question about the role of the interfacial SOC in the spin Hall MR. Answering this question is of critical importance not only for understanding the underlying physics of SOC-related phenomena in FM/HM bilayers but also for enhancing the SOC effects for applications. For this purpose, we investigate the angular dependence of MR in 2DEG formed at the LAO/STO interface which has interfacial Rashba SOC and ferromagnetism. Unlike FM/HM bilayer structures where both bulk and interfacial SOC contributions coexist and it is therefore hard to differentiate one from the other, the LAO/STO 2DEG is an ideal system to investigate a pure interface effect because it is a single interface just like the FM/HM interface but does not have the bulk SHE.
II. EXPERIMENTS
The devices were prepared as follows. As shown in Fig.  1 (a), LAO (12 unit cells; 1 u.c.= 0.379 nm) was grown on a TiO 2 terminated atomically smooth STO (001) single crystalline substrate, which was pre-treated with buffered oxide etch and air-annealed at 950
• C for 1.5 h, by pulsed laser deposition (PLD) at 750
• C in an oxygen partial pressure of 1 mTorr. The growth was monitored by insitu reflective high energy electron diffraction. The sample was post-annealed at 750
• C in the presence of oxygen in order to remove oxygen vacancies. Electron beam lithography was utilized to define the Hall bar structure using a negative tone resist. A blanket AlN x was deposited by PLD at room temperature followed by a liftoff process. Thereby, a 2DEG LAO/STO interface was formed only at the defined device structure. The Hall bar channels were designed parallel to the sample edge to align the channels along the crystallographic axis (001).
A measurement scheme for longitudinal resistance (R xx ) is shown in Fig. 1(b) . The electrical transport characterizations were performed in a physical property measurement system with a rotator used for angledependent MR measurements. We performed MR measurements as a function of various parameters including magnetic field B ext , gate voltage V g , and rotation plane of magnetic field. For the gating, a back gate voltage (V g ) was applied through STO as the dielectric and silver as the back gate contacts.
In Fig. 1(c) , we depict a typical R xx versus V g curve at the temperature T of 2 K. We observe a monotonic decrease in R xx with increasing V g , showing that the device characteristic changes from insulating to conducting as V g increases. Figure 2 shows the perpendicular magnetic field (B ext ) dependence of R xx at various gate voltages. At low gate voltages (V g < 40 V), R xx decreases with increasing |B ext |, which results from the weak localization (WL). At high gate voltages (V g > 45 V), on the other hand, R xx increases with increasing |B ext |, which implies that the WL correction is sub-dominant in conducting regimes. Figure 3 shows a representative result of the angledependent R xx for three rotation angles of B ext , i.e., α-rotation in the xy-plane, β-rotation in the yz-plane, and γ-rotation in the zx-plane (see Fig. 3 for the definition of the angles). Here the current is always applied in the x-direciton. We observe that the normal-
xx ] is about 7% in the α-and β-rotations, while it is about 3% in the γ-rotation 38 . An important observation is that the angledependent change inR xx is nonzero for the β-rotation. As the LAO/STO interface has no contribution from the bulk SHE, this noticeable change inR xx for the β-rotation proves that ∆ρ 2 term of Eq. the LAO/STO interface even without the bulk SHE. This angle-dependent MR at the LAO/STO interface can be named the interfacial Rashba MR as it originates from the Rashba SOC at the interface. Futhermore, it is noteworthy that the interfacial Rashba MR is much larger than the reported spin Hall MR of FM/HM structures (0.01−1%) [18] [19] [20] . We further measured the angular dependences of interfacial Rashba MR for the three rotations at various back gate voltages [ Fig. 4(a) ]. In the α (β)-rotation, the interfacial Rashba MR in general follows cos 2 α (− cos 2 β), consistent with Eq. (1) . An exception appears for V g = 20 V. At this gate voltage, R xx in the α-rotation is asymmetric between 90 and 270 degrees. This asymmetry is attributed to a nonnegligible contribution from currentinduced spin polarization as reported previously 12 . For detailed description of the current-induced spin polarization to the magneto-resistive effect, see Ref. [39] . In the β-rotation, on the other hand, the sign of interfacial Rashba MR changes at V g = 20 V. This sign change is attributed to the WL correction as the β-rotation involves the contribution of out-of-plane component of the magnetic field B ext and the WL correction to R xx becomes significant at low gate voltages (see Fig. 2 ).
III. THEORETICAL ANALYSIS
In order to understand the interfacial Rashba MR, we compute charge transport in the 2DEG at the LAO/STO interface. As an effective model which captures the qualitative features of the experimental results, we choose a simple model Hamiltonian H as
where k [= (k x , k y )] is a two-dimensional wave vector, m is the effective mass of the d xy band, is the reduced Planck constant, α R is the Rashba constant, J is the exchange coupling between the conduction electron spin σ (Pauli matrices) and unit localized magnetic moment m. Here we assume that the magnetization orientation (m) is aligned along the external magnetic field direction. In general, the Rashba constant depends on the magnetization orientation 40, 41 . In our model calculation, we ignore this angular dependence of the Rashba constant and show that qualitative features of the angle-dependent MR observed in experiment are described by a simple free electron model without considering additional angular dependence of physical properties. The choice of this Hamitonian demands an explanation. Since the STO is a cubic perovskite, three t 2g orbitals are degenerate at the Γ point in the bulk STO. For STO-based interface, the d xy band lies lower than the degenerate d yz and d xz bands due to the interface confinement [42] [43] [44] . The 2DEG geometry leads to a circular Fermi surface for d xy band and degenerate elliptical Fermi surfaces for d yz and d xz bands. In our experiment, the sample is conducting at high gate voltages and becomes insulating as the gate voltage decreases. Moreover, the α-rotation results of R xx [ Fig. 4(a) ] show cos 2 α-like dependence without the Lifshitz transition which was observed in Ref [10] . These results indicate that the Fermi level lies in the the lowest d xy band and lowers as the gate voltage decreases. Therefore, in our theoretical analysis, we use a free-electron Hamiltonain with Rashba SOC and s-d exchange interaction by focusing on the single d xy band. For simplicity, we treat the vector potential contribution to MR separately as the WL correction.
In our model calculation, we focus on the qualitative description of the longitudinal conductivity. In the high gate voltage regime where the WL correction is subdominant, the qualitative feature of the longitudinal conductivity is captured by the Kubo formula with the relaxation time approximation, given as
where +/− represents spin up/down band, e is the electron charge, τ is the relaxation time, and E F is the Fermi energy. In the experimental result depicted in Fig. 4(a) , there are sign changes between low gate and high gate voltage regimes. In order to describe the electron transport in the low conductance (i.e., low gate) regime, we adopt the theoretical results of Ref. [45, 46] , which compute the WL correction as 
where a n = n +
z n(n+z) and C is the Euler constant. We note that Eq. (6) is a quantum correction to the conductivity due to a perpendicular magnetic field 47 . We use the following parameters for the model calculations: m = 0.7m e (m e is the free electron mass) 16 , J = 2.5 meV, τ = 0.33 ps, H φ = 3.0 T, and H SO = 1.2 T. For gate voltage effect on the Rashba coefficient, we assume α R = (60 + λ E F ) meVÅ, where λ = 4/meV.
In Fig. 4(b) , we show theoretical results for the angular dependence of the resistivity as functions of the rotating angles in α, β, and γ. The change in the gate voltage is considered as the change in the Fermi energy. The Fermienergy shift for the γ-rotation is taken into account in order to reflect the resistance hysteresis from the voltage cycle 38 . In all three rotations, the theoretical calculations of MR qualitatively matches well with the experimental results [ Fig. 4(a) ]. Even though our model Hamiltonian and calculation scheme is simplified, this good agreement shows that the simple Hamiltonian [Eq. (2) ] considering the coexistence of Rashba SOC and exchange coupling describes the experimental result reasonably well and the interfacial Rashba SOC is key to the interfacial Rashba MR of which angular dependence is similar to that of the spin Hall MR.
In order to get an insight into the similarity between the interfacial Rashba MR and the spin Hall MR, we focus on the second term in Eq. (5), which is an additional velocity originating from the Rashba interaction. This additional velocity includes the magnetization orientation that gives the angular dependence of the longitudinal conductivity. In other words, a strong m y dependence of ∆R xx is natural because of the symmetry of Rashba SOC. For instance, one obtains v
There is also an additional source of the angular dependence of the interfacial Rashba MR. When the Rashba SOC and exchange coupling coexist, the Fermi surface distorts depending on the magnetization direction 50 . The Fermi surface distortion is maximized for an in-plane magnetization whereas it is absent for an out-of-plane magnetization. Because of these two contributions, additional velocity and Fermi surface distortion, the interface subject to both Rashba and exchange interactions exhibits the interfacial Rashba MR similar to the spin Hall MR.
IV. SUMMARY AND DISCUSSION
In summary, we report the interfacial Rashba MR for LAO/STO 2DEG and find that its angular dependence is similar to that of the spin Hall MR observed in FM/HM structures. Our model calculations describe the experimental results reasonably and show that the spin-Hall-MR-like behavior originates from the combined effects of the interfacial Rashba SOC and exchange coupling. As the bulk spin Hall effect is absent in the LAO/STO 2DEG system, our finding evidences that the interfacial Rashba SOC gives rise to the spin-Hall-like MR. Therefore, our result suggests that the interfacial SOC effect is key to understanding of various SOC-related phenomena in magnetic/non-magnetic bilayers.
In the theory part of this work, we note that there are potential complexities left aside. In this paper, we use the free electron model of single orbital (d xy ) with the linear Rashba interaction. However, the LAO/STO 2DEG is composed of t 2g orbitals with nonquadratic energy dispersion and there is a report suggesting the existence of the cubic Rashba interaction 51 . Moreover, in our model, many parameters are difficult to be determined in experiment and a quantitative description including the quantum correction is not reliable. Thus, we restrict the purpose of model calculation to a qualitative description of the experimental observation.
We end this paper by noting that a recent experiment for a Bi/Ag/CoFeB metallic trilayer found the RashbaEdelstein MR 52 , of which angular depedence is similar to that of the spin Hall MR. This Rashba-Edelstein MR originates from the combined action of two separate interfaces, the Bi/Ag interface with Rashba SOC 53 and the Ag/CoFeB interface with the exchange splitting, through a spin diffusion process. In this trilayer including a conducting bulk, therefore, the charge-to-spin and spin-tocharge conversions at the Bi/Ag interface and the spindependent reflection at the Ag/CoFeB interface are separated. Because of this separation in the trilayer, it is not straightforward to get an insight into the bulk versus interface contributions to the spin Hall MR of the FM/HM bilayers. In contrast, our result gives a clear indication about the pure interface contribution to the spin Hall MR as the LAO/STO 2DEG, just like the FM/HM interface, is a single interface subject to both Rashba SOC and exchange coupling with no conducting bulk.
